Abstract Objectives: We reviewed the use of negative pressure wound treatment (NPWT) for problematic wounds. Methods: A systematic literature review was undertaken to assess the effectiveness and safety of NPWT. Randomized controlled trials (RCTs) assessing NPWT were included. Results: A total of 14 RCTs were included. Trials included patients with pressure wounds (2), post-traumatic wounds (3), diabetic foot ulcers (4) and miscellaneous chronic ulcers (5). In all trials NPWT was at least as effective and in some cases more effective than the control treatment. Most evidence supports the effectiveness of NPWT on chronic leg ulcers and posttraumatic ulcers. NPWT appears to be a safe treatment, and serious adverse events have been rarely reported. Only two trials were classified as high quality studies, whereas the remaining were classified as having poor internal validity. Conclusions: Reliable evidence on the effectiveness of NPWT is scarce. Tentative evidence indicates that the effectiveness of NPWT is at least as good as or better than current local treatment for wounds. The need for large high-quality randomised studies is apparent. ª
Introduction
Patients with problematic wounds constitute a significant workload burden for health care organizations. Successful therapy should be based on knowledge of the wound aetiology and the different features of the wound care products available. Well-implemented randomised controlled trials comparing different wound care products are scarce. 1, 2 Negative pressure has been used as part of the treatment of wounds in the form of various drains since the 1940s. 3, 4 The treatment technique for open wounds based on negative pressure was developed in Germany and the United States during the 1990s. 5e7 Kinetic Concepts, Inc. (KCI, Texas, US) has patented the method with the name Vacuum Assisted Closure (V.A.C. â ). The generic Englishlanguage name Negative Pressure Wound Therapy (NPWT) is widely used. The treatment is based on evenly distributed local negative pressure applied to the wound surface. The open wound is covered with a separate wound dressing (polyurethane or polyvinyl alcohol) and an air-tight film. The wound dressing is connected by means of a set of suction tubes to a control unit by which the primary negative pressure on the surface of the wound can be adjusted. Most commonly 80e125 mm Hg of negative pressure is used, either continuously or in cycles. The fluid suctioned from the wound is collected into a container in the control unit (Fig. 2) .
NPWT has been recommended for virtually all kinds of acute and chronic wounds to accelerate healing in pressure wounds, diabetic leg ulcers, lower leg wounds, surgical incision, traumatic wounds, burns, infected wounds, necrotizing fascitis, infected sternal wounds and after skin grafting (KCI marketing brochures and personal communication with company representatives). The duration of the therapy varies from a few days to months, depending on the treatment aim and the nature of the wound. The literature analyzing the mechanisms believed to account for the efficacy of NPWT therapy and the different possible clinical benefits are analyzed in a recent review by Hunter et al. 8 The aim of this systematic review was to gather the most reliable evidence available on the effectiveness and safety of NPWT in the treatment of acute and chronic wounds.
Methods

Criteria for considering studies in the review
To be accepted into this analysis the study had to be a randomised controlled trial in which NPWT was compared with any other local wound therapy for any wound indication.
Search methods for identification of studies
The literature search was conducted by an experienced information analyst liaising with the research team. A search was made with the words vac therapy, wound or ulcer, vacuum or negative pressure or subatmospheric, from Medline, Medline in-process, Pubmed and Cochrane Controlled Trials Register from 1996 onwards. In addition, systematic literature reviews were searched from the following databases: Cochrane Database of Systematic Reviews; Database of Abstracts of Reviews of Effectiveness, NHS Economic Evaluation Database, and Health Technology Assessment Database. The original studies found in the reviews were included in the present systematic review. Ongoing clinical trials were also sought from the U.S. and UK registers (Clinicaltrials. gov, National Research Register/ metaRegister). A search was also made on the Aggressive Research Intelligence Facility web site (http://www.arif. bham.ac.uk/), as well as on the manufacturer's web site (http://www.kci1.com/). The references listed in the studies that were eligible for review were checked in order to find other possible articles. There were no language restrictions. The searches were originally performed in July 2006 and updated in January 2008. A more detailed search strategy is available from the authors.
Data collection and analysis
Selection of articles Two independent authors (VJ, PV) applied the selection criteria to all citations identified by the search strategy described above. The same authors made the final selection based on a review of full publications, which were retrieved for all studies that either met the selection criteria, or for which there was uncertainty regarding selection. The reviewers were not blinded during the selection process regarding authors of the articles or the publication forum.
Data extraction and management
Two authors collected the basic data and results (VJ, PV) on pre-planned data collection sheets. The data was separately described for various types of wounds. In doing the review and assessing the articles, established international criteria set for systematic reviews, were employed. 9 Two authors (AM and PK) complemented the study quality assessment results presented in the U.S. Agency for Healthcare Research and Quality report 10e16 by assessing the quality of the additional trials in the present review. 17e23 The information of the source of funding of the trials was extracted.
Results
Search results
From the electronic searches we identified 68 citations for systematic reviews and 187 citations for original publications. After evaluation of the full text publications retrieved, ten systematic literature reviews were discovered, 10,24e32 and eight RCTs 11e17, 19 were considered eligible for the review. From reference lists of reviewed papers, conference presentations and control searches, a further five 17,18,21e23 RCTs were identified during the review process and added in the analysis. One publication 21 reported two separate trials and thus fourteen RCTs were reported. (Fig. 1) Methodological quality and sources of funding of the trials
The methodological quality of the trials was poor in most studies. Two trials were considered to have good internal validity ( Table 1) . In eight publications, the researchers reported that they had received economic support from the manufacturer of the NPWT, Kinetic Concepts, Inc. 12e 15, 17, 18, 21, 22 In four publications, data on funding was not reported. 11, 16, 19, 20 In one trial the authors declared that they had no conflict of interest with any of the manufacturing companies. 23 (Table 1) Characteristics of the trials and effectiveness of NPWT Randomised controlled trials were found with respect to pressure ulcers, 12, 16 post-traumatic wounds, 21,23 diabetic foot ulcers 11, 14, 17, 19 as well as acute and chronic ulcers with various aetiologies. 13, 15, 18, 20, 22 Characteristics of patients, interventions and comparative treatments are shown in Table 2 , and effectiveness data in Table 3 .
NPWT and pressure ulcers 12, 16 In two studies dealing with the treatment of deep pressure wounds, NPWT was compared with traditional wound care with gel products or moist bandages. No significant difference was noted in the outcome of a 22-patient study by Wanner et al. The NPWT group took a mean (SD) of 27 (10) days and the moist bandage group 28 (7) days to half the wound volume. 16 In another 28-patient study by Ford et al., there was no statistically significant difference in outcomes. Complete healing was reached in 4 patients (2 vs. 2) within the 6 week study period. The mean percentage reduction in ulcer volume was 42% with gel products and 52% with NPWT (p Z 0.46).
12
NPWT and post-traumatic wounds 21, 23 In two separate 44-patient studies reported in one publication, by Stannard et al., the influence of NPWT on the amount of wound exudate after surgery was evaluated. After incision of traumatic haematomas (part A), exudation of the wound ceased earlier in the NPWT group than in the pressure dressing group (1. significant differences between the treatment and control groups. 21 (Table 3 ) Llanos et al. randomized 60 patients with acute traumatic injuries and skin loss, which needed skin grafting. The randomisation was performed after the split thickness skin grafting and the dressing of the wound (Table 2) . At four days the wounds were photographed and the final analysis from the photographs was made by a blinded observer. The main outcome measure, loss of the skin graft in cm 2 Also the time in days from the procedure to discharge from the unit was shorter when the suction was connected (8 [7e13] vs. 12 [7e23] days, p < 0.001). 23 NPWT and diabetic foot ulcers 11, 14, 17, 19 Armstrong et al. studied transmetatarsal amputation wounds in 162 patients by comparing NPWT with modern moist wound treatment. 17 The foot had to have sufficient blood circulation as determined by transcutaneous oxymetry (tcpO 2 ! 30 mm Hg) or toe pressure measurement (!30 mm Hg). More patients reached a 100% re-epithelialisation. with or without secondary surgical intervention, in the NPWT group than in the control group (43 [56%] vs. 33 [39%], p Z 0.04). In the patients who reached complete closure, the rate of wound healing was faster in the NPWT group (56 vs. 77 days, p Z 0.005). In the NPWT group, 2 (3%) of the patients needed further surgical revision or amputation, whereas this number was 9 (11%) in the control group (p Z 0.06). Above ankle level amputations were done in 5 (6%) of the control group patients, whereas none of the treatment group patients were subjected to a high amputation (p Z 0.06). However, these differences in revisions and amputations were not statistically significant and could not directly be attributed to NPWT treatment.
In a 24-patient study by Etöz et al., on diabetic foot ulcers, the formation of granulation tissue in the NPWT was faster (11.3 vs. 15.8 days, p Z 0.04), and the surface area of the ulcer diminished more (20.4 vs. 9.5 cm 2 , p Z 0.03) than with patients treated by saline bandages. 14 NPWT and etiologically different wounds 13, 15, 18, 20, 22 In a 24-patient study by Joseph et al., dealing with various chronic wounds, NPWT was compared with local treatment with moist saline gauzes. Wound volume declined substantially more in the NPWT group (78% vs. 30% at 6 weeks, p Z 0.038). 13 Moisidis et al. studied the healing of skin grafting used for different indications in 20 patients. In the study each skin graft area was divided into two: one half was treated with negative pressure, and the other with traditional compression bandages. At two weeks, a clinician blinded to the randomisation evaluated both halves of the wounds. The quality of the skin graft in the wound halves treated with negative pressure was significantly better in 10 patients, equally good in 7 patients and better in the moist bandage group in 3 patients (p < 0.005). On the other hand, no significant difference between the groups in the quantitative degree of epithelisation was found. 20 In a 54-patient study by Moues et al., NPWT was compared with moist bandages in the treatment of acute and chronic wounds requiring surgical attention. There was no significant difference between the groups in the formation of granulation tissue or bacterial count in the wounds, but the surface area of the wounds diminished more with NPWT (3.8 AE 0.5 SEM vs. 1.7 AE 0.6 SEM %/day, p < 0.05).
15
In a 65-patient study, the time to the primary endpoint of wound healing was not significantly shorter in NPWT group than in the moist bandage group (16 /day, ns) when NPWT was compared to moist wound treatment in the care of acute and chronic wounds. 18 In a Dutch study by Vuerstaeck et al., 60 patients with a leg ulcer were again treated with either NPWT or moist dressings.Negative Pressure Wound Therapy was contrasted with moist wound treatment on lower leg ulcer patients in materials concerning 60 Dutch patients, on whom skin graft operations had been performed due to their ulcers. The patients had three types of etiologically different ulcers: Venous; combined venous and arterial; and arterial, but these etiological groups were too small to be analysed separately. Patients accepted into the study were those whose ulcers had not healed within six months. The endpoint was the time required for complete healing of the ulcer. The median time to complete healing was 29 days (95% CI, 25.5e32.5) in the NPWT group and 45 days (95% CI, 36.2e 53.8) in the control group (p < 0.0001). Prior to surgery, the treatment aim was complete granulation of the ulcers, and this was also reached more quickly in the NPWT group (7 [95% CI, 5.7e8.3] vs. 17 [10e24] days, p Z 0.005). The median percentage of successful skin grafts differed significantly between the NPWT and control groups, with 83% AE 14% vs. 79% AE 31% (p Z 0.011). On the other hand, no significant difference was shown between the groups in re-occurrence of the ulcers at 1 year (52% [n Z 12] vs. 42% [n Z 10], p Z 0.47). 22 
Adverse events
In six studies out of fourteen, no adverse events were reported (Table 3) . Adverse events associated with NPWT were described as infection, irritation of the skin and pain when changing the dressing. Armstrong et al. reported 13 (17%) wound infections, but none of these were treatment related and thus no further conclusions were made. 17 More serious complications associated with the treatment were seldom reported and no clear difference between NPWT and other therapies could be noted in terms of the prevalence of adverse events.
Costs and cost effectiveness
Two Dutch studies attempted to prospectively calculate the costs between NPWT and modern products for wound treatment. 18, 22 In one study, the costs for NPWT were in similar to control treatment. 18 In a further study, the costs of NPWT were less than that of the reference therapy, but the extent to which equipment outlay, for instance, was taken into consideration remained unclear in the cost analysis. 22 Llanos et al. used a home made, inexpensive, wound dressing ($4 per unit). The authors of this paper concluded that as this inexpensive method seems effective, it should be used routinely as a coadjuvant treatment. 23 
Discussion
During the last few years, the use of NPWT has increased substantially. This appears to be based on the marketing of the available technology and favourable clinical experiences.
This therapy does not replace surgical wound debridement, measures to improve blood circulation nor relevant treatment of infection. There must be no significant infection or gangrene in the wound, when NPWT is initiated. Caution is also warranted if there is a risk of bleeding from the wound.
On the basis of our systematic review, NPWT appears to be at least as effective and, under certain circumstances, more effective than other available local wound treatments. However, the interpretation of the research data is hampered by both the diversity of the study designs and the methodological weaknesses in the studies. In the randomised controlled trials published, the entry criteria, followup periods and outcome variables have varied greatly. With the exception of one report, 17 there have been only a limited number of patients in the studies, and all studies have had limitations with respect to the reliability of their findings.
Most promising results of NPWT have been obtained on patients with lower leg ulcers that are vascular in origin as well as diabetic foot ulcers, in which there is sufficient blood supply. Split thickness skin graft healing seems to be improved by NPWT. Publications on the use of NPWT in other indications exist, but we included only RCTs in our review. Svensson et al. reported recently their experience with exposed vascular grafts and confirmed that they are going to publish a RCT on this approach, although this technique is not recommended by the manufacturer. 33 Adverse events associated with NPWT were mild or were not reported at all. When correctly implemented and as part of an overall wound treatment, NPWT appears to be safe.
The cost effectiveness of NPWT depends on both the public health care system and local operational practices. The therapy would seem to be cost effective only under the condition that it accelerates the healing of the wound when compared to traditional treatment. Calculations made in one country may not be generalized in other countries. When assessing the costs, the disposable materials required for the change of dressing in addition to the price or rental rate of the unit should be taken into account. 30, 32 The emergence of new devices will probably decrease these costs. The longer dressing change intervals enabled by NPWT may reduce overall working time spent in caring for the wound as well as material-related expenses.
The use of locally developed wall-suction unit systems is based on an attempt to avoid the costs of the expensive technology. One study on split thickness skin grafts used a home-made negative pressure suction system. This trial was methodologically of high quality, the intervention proved to be effective, and the costs of the technology were very small. 23 The other study that used a home made NPWT system had serious methodological problems, however it did also show a positive effect on wound healing. 19 Systematic review is regarded as the most reliable method of acquiring information on the effectiveness and safety of a treatment. In preparing this review, the international recommendations 9 set for a systematic review have been applied. Due to the heterogeneity of the indications and outcome measures neither a qualitative best evidence synthesis nor a quantitative meta-analysis was feasible.
Publication bias is the most significant source of bias in any kind of literature survey, including systematic surveys. This bias is particularly substantial when most of the studies available are supported by companies marketing the treatment method concerned. In fact this potential bias has been confirmed in a recent systematic review. 34 
Conclusions
There is a shortage of reliable research data on the effectiveness of NPWT. Tentative evidence indicates that the effectiveness of such therapy is at least as good as or better than current local treatment for wounds. This appears to include the use of an inexpensive home-made negative pressure suction system. The generalisation of the cost-effectiveness data is hampered by differences in treatment settings and health care systems.
NPWT does not replace basic methods of wound treatment such as wound debridement, the treatment of infection, the reduction of pressure in the area of the wound and ensuring adequate blood supply.
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